This study was conducted to induce chronic spinal cord compression myelopathy in rabbits. The L5 lumbar lamina was cut partially in 70 rabbits, and bone morphogenetic protein (BMP) was implanted on the ligamentum¯avum in 35 of them. In the BMP group, new bone formed on the dorsal side of the spinal canal and¯attened the spinal cord in an anteroposterior direction. No pathological changes were detected in the intramedullary tissues by light microscopic examination. In rabbits it is possible to induce compression of the cord by using BMP, although sucient cord compression to induce myelopathy was not achieved.
Introduction
Various forms of cervical myelopathy including cervical spondylotic myelopathy, ossi®cation of the posterior longitudinal ligament (OPLL) and calcification of the ligamentum¯avum are important conditions in the ®eld of spinal disease and its treatment. However, because the symptoms associated with these conditions develop slowly, insucient information is available on the relation between the degree of spinal cord compression and degree of myelopathy or on the pathophysiology of myelopathy.
Numerous studies on the experimental compression myelopathy using animals have appeared in the literature. Most of these have been acute spinal cord compression experiments, although some chronic spinal cord compression experiments have also been performed. In most cases, mechanical compression has been applied from the anterior cervical vertebrae using foreign bodies such as bone fragments, 1 screws, 2 or silicone rubber. 3 Experiments in which compression was induced by implantation of tumor tissue or fetal stage kyphotic deformity of the spine have also been undertaken, although the compression resulting in these cases bears little resemblance to the clinical features of the above-mentioned conditions, which are characterized by the gradual development over long periods of bone-induced biological compression. BMP (bone morphogenetic protein) which we used is found in normal bone tissue and is a bone inducing substance. It induces new bone formation in an ectopic site by a process of enchondral ossi®cation. 4 BMPs are a subset of the transforming growth factor (TGF-b) superfamily of dimeric, disul®de crosslinked growth and dierentiation factors. At least six human BMPs have demonstrated: BMP 2, -4, -5, -6, -7 (OP-1) and -8 (OP-2). 5 Also referred to as osteogenic protein. The availability of recombinant BMPs has permitted de®nitive test of their osteoinductive activity in a variety of experimental systems, including several animal models of clinically relevant bone defects. BMP-induced formation of cartilage and bone in vivo is clearly a complex and multistaged process. 6 Our purpose in the present study was to accelerate ossi®cation of the ligamentum¯avum over a period of several months using bone morphogenetic protein (BMP) 7 extracted from rabbit long bone, and to examine the state of posterior chronic spinal cord compression in rabbits.
Methods

Experimental animals
Seventy adult rabbits each weighing 2.6 ± 3.3 kg were used and were divided into a BMP group and control group. The former consisted of 35 rabbits in which BMP was implanted on the ligamentum¯avum at L5 ± 6, while the latter consisted of 35 rabbits undergoing the same surgical manipulations but without BMP implantation. Both groups of animals were maintained in rabbit cages.
Extraction of BMP
BMP was extracted from the long bones of Japanese white rabbits according to the method of Hanamura et al. 8 Sterilization was achieved using ethylene oxide gas.
Prior to the implantation of BMP, a portion of the crude BMP was implanted into mouse femoral muscle, and used only after con®rming two weeks later that bone formation had occurred.
Surgical methods
The animals were injected i.m. with atropine sulfate 0.1 mg followed by i.v. injection of Nembutal 30 mg/ kg. When body movement was still detected inhalation anaesthesia by ether was added. After induction of anesthesia, the animals were ®xed in the prone position on a rabbit experimental restraining board and an approximately 3 cm longitudinal skin incision was made over the lumbar spine. The dorsal paravertebral muscles were detached with an electric scalpel, and the spinal process of L5 was resected at its base. Next, the ligamentum¯avum was exposed at L5 ± 6. At the attachment of the ligamentum¯avum to the lamina of L5, a groove was cut into the lamina using a surgical drill under microscopic control. A thin layer of ligamentum¯avum was left at the base of the groove, and care was taken not to subject the dura or spinal cord to direct in¯uence from the operation. In the BMP group, powdered BMP 1.0 mg was placed in the portion surrounded by the groove and ligamentum avum and covered with free muscle fragments ( Figure  1 ). In the control group BMP was not inserted.
The rabbits were sacri®ced with 5 mg of Nembutal injected i.v. 4, 8, 12, 16, 24 and 40 weeks after operation. Immediately after cardiac arrest L5 and L6 were removed as a block and ®xed in 10% formalin. After decalci®cation in Prank-Rycro¯uid, transverse specimens of the spinal canal were prepared.
The transverse specimens, after stereoscopic imaging, were embedded in paran, and subjected to Hematoxylin ± Eosin and KluÈ ver ± Barrera staining. From these specimens the volume of newly formed bone, degree of spinal cord deformity and degree of spinal cord compression were recorded. These experiments were performed at the Experimental Animal Research Institute of Nagoya University.
Evaluation
The following parameters were evaluated in each rabbit: weight, number of follow-up days from the operation to sacri®ce, presence/absence and degree of motor palsy, presence/absence of sensory disturbance and urinary incontinence, degree of ossi®cation at the operated portion, degree of stenosis of the spinal column, and¯at ratio of the spinal cord. Also, intramedullary histological changes were observed with a light microscope. These parameters were compared between the BMP and control groups. Student t-test was used for statistical evaluation of the data.
The rabbits were removed from their cages and their gait observed by the three authors. Values about which the opinions of 52 authors were in agreement were adopted. The criteria for the evaluation are listed in Table 2 .
These criteria represent a modi®cation of the classi®cations of Tarlov   9 and Frankquist and Schants. 10 The presence/absence of sensory disturbance was determined by observing the reaction to a pinprick test. Urinary incontinence was judged to be present when the posterior limbs showed urinary soiling. The area of ossi®cation was determined by magnifying the tissue specimens 7.3-fold and measuring the vertical and transverse diameters of the ossi®ed portion, with the area of ossi®cation expressed as the product of these two values. The evaluation of the tissue ossi®ed portion was performed by the three authors values about which the opinions of 52 authors were in agreement was adopted. The¯at ratio of the spinal cord was calculated by dividing the vertical diameter of the cord by the transverse 
Results
Experimental animals
Of the 70 rabbits used for the experiments ®ve died within 4 weeks after operation. Ten additional rabbits developed palsy of the posterior extremities immediately after or within 2 weeks of surgery. These complications were attributed to improper surgical technique or to acute spinal cord injury due to postoperative hematoma formation. The data from these animals were excluded, and thus only the data from 30 animals of the BMP group and 25 of the control group were available for the ®nal analysis (Tables 2 and 3 ).
Comparison of the BMP and control groups Mean weight was 2.89+0.18 kg and 2.83+0.12 kg in the BMP and control groups respectively. This dierence was not signi®cant by t-test. The follow-up period was 105.0+45.9 and 135.2+88.3 days in the BMP and control groups respectively (not signi®cant).
No animal in either group showed palsy to the extent that movement of the posterior extremities was severely aected. In the BMP group, one animal was unable to jump with the posterior extremities (grade 3), while six were unable to run quickly (grade 4). The remaining animals showed normal movement. In the control group, ®ve rabbits showed grade 4, with the remaining animals all showing normal movement. The two groups did not dier signi®cantly with respect to this parameter.
No animal in either group showed results suggestive of sensory disturbance on the pinprick test. No animal in either group showed urinary soilage of the posterior extremities. Thus, urinary incontinence due to abnormal urinary function was not thought to be present in any animal.
The degree of ossi®cation of the ligamentum¯avum was estimated to be 6.67+9.29 mm 2 in the BMP and 0.34+0.92 mm 2 in the control group, with this dierence statistically signi®cant (P50.01). This ®nding shows that ossi®cation was accelerated in the BMP group (Figure 3) .
The¯at ratio of the spinal cord was 49.7+7.9% in the BMP group and 56.8+9.6% in the control group, with this dierence statistically signi®cant (P50.005). This ®nding shows that the spinal cord was signi®cantly more¯attened in the BMP group as compared to the control group (Figure 4) .
In the BMP group, cartilage cells were present in large numbers in the implanted portion (57%, Figure  5 ), where irregular ossi®ed tissue was formed continuously from the cartilage cells. This ossi®ed tissue consisted of lamellar compact bone in which bone marrow formation was also found. In some portions, calci®cation and connective tissue proliferation were also observed ( Figure 6 ). The edge of the cut lamina and new bone were partially fused (17.1%). After 12 weeks they were completely fused (16.7%). After 16 weeks the amount of granulation tissue and cartilage cells around the bone decreased. In some cases, new bone was seen to proliferate within the spinal canal (27.8%), although in the majority it protruded to the posterior. In the control group, no cartilage cell proliferation was noted, with only thick granulation tissue covering the operated site. However, a few cartilage cells were found in 4 rabbits. After 16 weeks the amount of granulation tissue decreased.
Light microscopic examination of the¯attened cord revealed no clear abnormalities, although in both the BMP and control groups atrophy of the neuron cell body and staining of the neuron nuclei of the gray matter were occasionally observed. In the white matter, no histological ®ndings attributable to ossi®cation-induced compression were discernible ( Figure 7) .
Study on the BMP group
Twelve weeks or more was needed for the development of a considerable degree of ossi®cation (Figure 8 ). The degree of ossi®cation tended to increase in parallel with increasing duration after operation (correlation coefficient r=0.481).
The number of days after operation and cord¯at ratio were poorly correlated (r=0.014).
The degree of ossi®cation and cord¯at ratio were poorly correlated (r=0.42). This means that although 
Discussion
BMP, a bone growth stimulating factor that is present in living organisms, is known to induce the differentiation of mesenchymal undierentiated cells into cartilage cells. It is thought to comprise several types of protein present in bone matrix, most of which are reported to belong to the TGF b-supergene family.
11
The members of this family are extracted mostly from cortical bone, and when implanted beneath the fascia induce ectopic bone formation in vivo. ymal cells into cartilage cells, suggesting that in vivo it induces new bone formation by a process of endochondral ossi®cation. 13 Experiments in monkeys have con®rmed that bone induction similar to that found in rats or rabbits occurs, indicating that the use of this substance may be possible in man as well.
14 The fact that BMP induced endochondrial ossi®cation in organ cultures of posterior longitudinal ligament or ligamentum¯avum tissue also supports the contention that it may play a role in the ligament ossi®cation occurring in vivo, and moreover it has been demonstrated experimentally in vivo to induce intraligament ossi®cation. By implanting BMP within the ligamentum¯avum it has been possible to establish models of ligamentum¯avum ossi®cation. 15 ± 17 Our purpose in the present study was to take advantage of the ossi®cation action of BMP to induce chronic stenosis of the spinal canal in rabbit. In this experiment, screws or other arti®cial objects were not used to create chronic cord compression, but gradual compression was produced by naturally developing bone. However, the new bone did not reach the size that had been expected. Also, even when extensive ossi®cation was achieved, it tended to extend dorsally without extending into the spinal canal or markedly compressing the cord (Figure 9 ). Accordingly, no rabbit while being maintained in a cage developed spinal palsy. Some animals were unable to run quickly or well, but this was attributed to their prolonged con®nement in cages. When a burst fracture is treated conservatively, the bone fragments protruding into the spinal canal are absorbed and the spinal canal naturally expands. 18 Considering that the spinal canal can also expand naturally, it can be understood that it is dicult to induce ossi®cation into the spinal canal suciently to gradually compress the cord.
No pathological ®ndings were noted in the¯attened rabbit cord at least when examined under a light microscope. Intramedullary pathological changes in mice have been reported by Miyamoto et al. 16 However, the degree of ossi®cation diers in rabbits and mice, and extends less in the former. This is thought to be due to species dierences between rabbit and mice.
We tried to enhance the possibility of the ossi®ed material induced by the BMP becoming larger by placing it in contact with the cut down lamina and portion of the spinous process. Growth of bone to the ventral side was inadequate. Ossi®cation under the lamina would be induced in Miyamoto's mice experiments because BMP was inserted into the epidural spaces under the ligamentum¯avum. The manipulation of inserting BMP into the epidural space under the ligament is extremely dicult even when performed under a microscope, and we were concerned about injuring the spinal cord.
Conclusion
BMP induced ossi®cation of the ligamentum¯avum resulting in spinal canal stenosis in the rabbit, which is a species much larger than the mouse. Although no high-grade compression of the spinal cord was found, it was possible to create in rabbits a state of slight spinal cord compression. This model therefore re¯ects and will be useful in clarifying the early pathophysiology of chronic spinal cord compression. 
